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1. INTRODUCTION 


Ballistic sbodc has been recogni/ed as a damage mechanism c^Mdde of causing component fiuluies 
in aimmed combat vehicles. Unftmunately. the vulnenbili^ community has not been aUe to incmpmate 
this phenomenon in its predictive models. Historically, the main pmietiatm’and spall have hem considered 
as the primaiy damage mechanisms; reoendy, however, ballistic shock has gained some mention as a 
lethal medianism. and the U.S. Anny now has a shock protection lequiiemem armored combat 
vehides (Waltm 1989). Thus, the incorporation of shodc effects into vulnerability models has become 
a priority. 

One mdhod of incorporating the effects of ballistic shock into vulneraixtity codes could be to 
construa detailed finite element models of every armored omnbat vdiide and then smnehow transfer the 
results to the vulneradlity models. This, however, is an imixactical qrproadi. and a lower lesdution 
method has been suggested by Walbert (1991). The fimdamental crmcept behind Walbeit*s qipfoach is 
to analyze a small set of simplified stractuies that could be used to represent classes of combat vdudes 
in an attempt to devdop rules of thumb for shock attemiatkm. These rules of thumb could then be 
om^Mred to experimental data, and as confidence is gained, detail could be added. Another simplification 
would be to arudyze shock attenuation and propagation along the shortest straight path tfuou^ a vehicle 
structure fiom point of impact to a response point of interest. A strait line analysis, for determining 
shock attenuation, has actually been used by Barrett (1975) for devdofang shock requirements for Viking 
Lander compmertts. An important point to note is that both Walbert and Barrett were aware of the need 
to analyze shodc effects at the component levd of a system instead of attempting to make a bigger teap 
to some sort of loss of system capatality or utility. This is important because analyzing to the co m ponent 
levd will allow foe results of a shodr analysis to be incorporated into vulnerability analyses at the sme 
point as malyses performed for other damage-producing mechanisms. The poim at whidi shodr modeling 
would be incorporated into the vulnerability process is termed foe mapping (Klr^c. Starks, and 
Walbert 1992). There are four spaces within foe vulnerability process as described Ity Ddtz d al. (1990). 
These q[>aoes of vulnerability are (1) weifoonAarget initial ctmditions. (2) the set of damaged coofoonents. 
(3) measures of system perfotmance. and (4) measures of system effectiveness. The Oj^ miqrping is the 
mefood Ity vdiich (Hie gets fiom a weqxxiAarget interaction to a sd of damaged cottqxments. Inthiscaae. 
the desired mapping is an algorithm foat translatBS the interaction to ballistic shock damage potential for 
conqxments. 
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It to toot, one wiitei lo ip c oip o n ii e btOiMic liiock effects in ttie vulneisbility process, using die 
stidgbt line qiprondi nentiaoed pievioosly, dm an addidonil puimeter that mrot be oonsidefed is the 
attenuadon of shock due to welded jcMnts betwem annor fittes podtkKiBd at vaiKMtt anifes. The effect 
of angle variation between welded annor plttes on abode or. in this case, acoelention attouiation is the 
primary subject of this research effort 


2. OBJECTIVES 


It was the objective of this research effort to answn the following questions: 

(1) Is diere an effect on shock attenuation due to angle variation between welded {dates? 

(2) If the answer to die questkm above is yes, then wiuu is the relationship between attenuation and 
the angle at vdiidi the {dates are connected? 

(3) Is the effect m attenuatitm due to angle variatkai constant over a range of {date materials and 
im{>aa conditions? 

(4) Can sim{de finite dement modeling be used to determine attenuation fectors for various {date 
configurations? 

3. APPROACH 


In order to nmet the stated objectives, it was decided that both eiqierimental and computational 
analyses would have to be ctmducted for an identical set of im{>aa and target configurations. Thearudyses 
started with a fiat plate to obtain baseline acceleration levels and dm {Moceeded to angled {dates to 
determine attenuation due to the geometry changes. The flat {date used for determining the baseline 
acceletatirxi levels was actually two {dates welded together. This was done in an attempt to filter out die 
effects the weld matmial would have on the attenuatioiL Target material and thfckness were re pres e ntative 
of actual armor used in military ^)|dicatians. The im{»a condition were sudi dut diey could be 
incoi{»rated into a finite element model with a high level of amfidence diat they accurmdy dqpicted 
eiqieiimental im{>act ctmditions. Additioiudly, it was decided that the impact conditions would remain in 
the elastic range only. Hus was done to reduce the number of plates required for mqietimentation rince 
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piates with pemunem defoniuttkm could n(K be used for more thn one experimei^ Once bodinalyaes 
were completed, die desired idatiooririp between attenuation md angle was obtained, and the eaqiertnental 
results were compared to the c om pu t ations to dmennine the ^tpUcability of the finite element modeling. 

4. EXPERIMENTAL DESIGN 

There were two issues oonceming die experimental design diat required considention. These issues 
included die following: 

(1) The eiqieiimental test matrix would have to allow for suffidem test iqdicttions and variadons 
of paiameten to ensure a good eiqieiinwntal design. 

(2) The exper im e n tal senqi would have to allow for ^ipropriate data measuremem and collection fOT 
a variety of test conditions. 

4.1 Test Matrix. The first task was to deteimine die test parameten and their variations. Material 
type, {date angles, material diickness. and impact cmditions were die parameters initially diosen fiir 
variation. The materials chosen were mild steel and 5083 aluminum. These materials were chosen 
because of dieir availability and die fact that they are omunoidy used in the design of armored combat 
vehicles. Initially, duee material dtidmesses (12.7 mm, 19 mm, and 38 mm) were selected because they 
rquesemed actual armor diidaiesses on some current vehicles. Due to quality control problems (hiring 
die wekting process and resource availalnlity for refabrication ofplates, only the 12.7-mm {dates were used 
for dds effort It was dedded diat die imiiact conditkms should be varied in die level of the imfiact force 
vdiile using the same imiMCting device. This would allow die researdi to investigate die consistency of 
die acceleiati(m attenuaticm widiout getting into odier issues su(di as differing impactor diaracteristics. 
RnaUy, die {Muameter of main interest to dds study—angle—was to be varied five times fiom (P to 120** 
by 30° increnrents. It was felt diat this gave a good range of artgfes and was also rquesentative of ^cal 
armored vehicle geometries. Thus, the matrix ended up widi 2 materials. 1 dddmess, 3 inqiact levds, 
5 an^es,andSreidicationsofeachtestoonditi(mfOTatotalof ISOidannedeiqieiiments. Figure 1 shows 
how the {date angles were measured for dds exercise. 
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Impact Point 


Figure 1. Mtwirmffli tf mriw- 


4.2 PtPCriiftffitri-Sa iB- 

4.2.1 Target Flares. The design die target pirees was an impoitant issue that had to be resolved 
eady in diis effort. The target {dare geometry was needed for the oompittaiional wolc and inqMcred 
greatly on dre esqwtinremal setup. It was decided dretdre flat {dares would be twice as long as di^ were 
wide widi dimensions of 30.S cm x 61 cm (1 ft x 2 ft). The remaining plm were fob ri c a ted such that 
the outer dimensions of each half of the {dares were 3(X5 cm x 30.5 cm (1 ft square). Thus, the straight 
line distance, on die surfiBoe of dB {date, from dre impact location to the responae point remained contant 
for tdl {dares. This was accompIMied by flUir^ in die wdd area widi excess weld mmerial and dien 
grinding die weld material down until a straight riuup-edged comer was formed at the co nn ect i o n between 
die two (deces of {dare material. Figure 2 is a photo of an acmal target {dare aiioudng dre diaqi edge of 
an angfo oonwedan. 

The 30.S-cm x 61-cm (1 ft x 2 ft) overall dimensions were choaen to sOow fbr m e a s ur e m ent of 
acoeletation levels, at die response ptdnt, for several mforoaeconds before reflectioos fiom die {date 
boundaries reached die response point Thus, the experiments would cqdure die effoct of die geomehy 
at the welded joim on shock atreraiation without interference from edge reflections or boundary co n di tion s. 
Also, since the disumce between die impact point and the response pedm ires held o o mt a nr , rflsmoe 
attemiaiion effects were diminaiiid. Table 1 p res e n ts marerisl property data for die piares. 
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Welding lods consisting of 5356 aluminum and carbon steel (tensile strength of 640 MPa) were used for 
joining the aluminum and mild steel plates, respectively. 


Table 1. Taiget Plate Material Properties 


Material 

Modulus of Elasticity, E 

Density, p 
(g/cm^) 

Poisson’s Ratio, v 

Mild Steel 

209 GPa 

7.84 

0.30 

5083 AL 

68950 MPa 

2.66 

0.336 


Once fabricated, the target plates had to be prepared for experimentation. The center of each half of 
the plates was located and marked. The points directly behind these center points, on the opposite side 
of the plates, were also marked. One of the marked points on the front side of the plates was to be the 
impact point while the other three locations were to be used for instrumentation. These three locations 
were drilled and upped, using a No. 21 drill bit and a 10-32 tap, to allow for mounting accelerometers. 
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4.22 Test Stand. Tbe mounting hardware for the target plates was an intq;rd part of the 
experimental setup. A test stand wUdi was capable of holding ny of the target plates was designed and 
falnicated for this effort It was imperative that foe test stand be c^Mble of mountiiigeadi of die different 
phttes so as to rfitwiiMitft any effects diat diffnent test fixtures could have on die eiqierinrental results, 
niis test stand contained duee major plates. The base of the fixture was a mild steel plate measuring 
56anx81 cmx3cm^inx32inx2in)diick. Tbe other two main plates, also made of mild sled, 
were welded to die base piste in an posidoa Hieae two plates measured 61 cm x 71 cm x 
2J4 cmC24inx28inxlin) thick. Bofo plates had 30J cm (1 ft) radid slots cut in diem to dlow fix 
mounting hardware adjusdnents for futening the differem an^fed (dates. 








In additian to mounting the taiget plttes, die test stand wm also used to wappoit die in^iacting 
mtrfMnim . A two-wiie penchdum, with a 2J4-cm-<Iiameter steel ball bearing (70.74 g) attached to the 
end, was used as the impacting mec h a n ism fpr this effort. The ball bearing was chosen to be the impactor 
primarily because a half*8ine wave loading function has been Aown to r e pres ent ball beuing inqiact 
conditions accurately (Walton 1985). The two-wire pendulum was chosen as die delivery mechanism 
because it would assure relatively consistent in^Mct locttions. was inmqiensive. and was easily assembled. 

Integration of the two-wire pendulum into the test fixture design was relativdy sinqjie. Two pieces 
of flat stodc were attadied to the top of the two side {dales of die test stand nidi that they extend^ 
vertically above the fixture. Holes were then drilled in each peot of flat stock so that die {lendulum win; 
could be direatted duou^ and tied off. These holes were {daced at Im above die proposed impact height 
on the target [dates and were also posititmed so that the [xndulum would be at die bottom of its arc wbea 
the ball bearing would strike the taiget plate. Once dueaded, the wires were adjusted until the ball bearing 
would imiiact at the center of the target [date d a hei^ of 15 cm above die base of die test stand. 


The final addition to the test stand was the idease meduudsm for die inqiacting device. It was 
recognized that consistent releases of die ban bearing, fiom accurately measured drop hei^us, were 
essential to die iqieataldlity of the ex{)eiiments. To accomfdidi bodi the consisteitt rdeases and the 
accurate determination of height, an adjustalde {xotractor was mounted to the test fixture that allowed for 
accurate measurement of the angle of the {lendulum and incorporated the use of an electromagnet as die 
release meduuiian. Figure 4 is a photo of die test stand and impacting device. 

4.3 Data Acquisition System. Data acquisitkmiequimnenis for this effort included die measurement 
of die baU bearing rebound height after impact for calculating an qiproxirrute impact ftitoe and die 
measurement of accderation as a function of time at the respmise [xrint The rebound hdgfit was 
rqipioximated duough die use of a video camera and a grid board. Three acc^ometets were used ftx 
eadi expniment The first accdenxneter was always (m the backside of the target {date direcdy behind 
dieimfiaalocatimi. This acceloometer was a PCB Model 302A2, and it measured accelerttion in a staigle 
axis normal to the surface of the [date (z-directimi). This transducer was used as a trigger to turn the data 
recorder (m at the [Hoper time, thus assuring that the acceleration a the reqxinse (Xiint would be measured 
during the q)[)ioi>riate time [leriod. Two acceleiometeis, a P(3 306A02 triaxial on the fiorx and a PCB 
302A2 single axis on the back, were used to measure acceleratimi levds a the teqxmse {xdttt. The 
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•codeniiQn daa was coOecied througli a PCB 483B03 power supply sod lecoided with a KootniD 
WWTOOdataaopiisitioaooiiqwlv. There wene no filteis added into ifae datt acquisition system ritfaoogh 
die acceterometeis contained S*kHz low-iMss fibeis. Accofding to die manoftctmer, both modds 
acoderamelen have a rise time of about 10 ps with a mge of about l/XX) g*s sod a resolution trf 
0.01 g*s. Tire sinidc->Mtis accelerometer had a resonwtftequenqf of 30 kHz, and die trisatiaiaooele i onieler 
had a resonant fieqiiency of 8 kHz. A sdrematte of the data acquisition system is shown in Hgure 5. 







FCB 302402 (LOWERS 



KB 300402 OIUAXIAL) 



Ite fiiBt Mep in die experimemai procedoie was 10 nioaitt the idecied iai|et plate in die test AanL 
Tbe plaie was positioned so that die bad bearing would impact at the mauM etaanr point trf die piaae. 
The plate would dim be ciamped in idaoe akmg the bonoin edge ushtg a piece of flat stock and two 
c-daops. Thec-danqw werealw^tmqiiedat llJN-ffl(lOOlbf-in). Next, die ladial ai^ bncket 
woidd be p oeidoned at die top edge of the {date, a piece of robber was insetted between die ptwf and die 
brocket, and die piam was cluqied to dm bracket osiiig two c-clanps. The aogk brocket was thm seemed 
to dto test stand by t^hiening the nuts on the two threaded studs that pioiraded duough the ndUi dots 
(rf the test stand. 
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tfWW l Bd tOMHlim IIOIBI. TIICQ ttit InHlWMBlMlOB Ctfn WBIQ OOBDBdSdt IBd IIK pOWSf Mppfy W 
activttBd. The fxywer WM ilwqn aOowcd 10 twin np fv a few ataoiM beim eKperiBCBOiioo 
commenced. 

Each myet pUte wet tmpected by the beB bearing wtricfa wm dropped from three difliaent hdgfats. 
Theie three hetghif conoponded to SC*. 45*. aid dO* Jncremeas ae meaiiired by the protncior diet wee 
pen of die ideue medurian. The three drop heights are also refened to as loads in this document. 
Loads one, two, and diree con e^ p o nd to the 3(f. 45*. and 60* in c re me n t s men ti on ed pievioody. 
QenefaDy, five cqreii m ents were conducted for each drop hei^ The five repetitions were co n d u cted 
in an attempt to gain confidence in the resulting data. 

Prim- to each impact experiment, die data acquirition system was "amied" so diat data fv the next 
inqMct on the tatget plate would be recofded. This "anoiog” process was simply a matter of pusfahv the 
trigger button on the Kontron computer. At this point, the video camera was acdvated, and the ball 
bearing was then released. 

Once die inqwct occurred, die aocderatkm vs. time data for eadi diamiel was immediaady displayed 
on the Komron’s screen. Hve dumnels of data were recorded for each impact The five diannrJs 
induded the z-directkn aocderatioo bdiind dre impact point dc z-direction accekradon at the reqxmae 
point and die x-, y-, and z-direction a c c e l eratio n s measured at die reqxmse point by dre triaxial 
accelerometer. The data sampling nte was 1 data point per ndcrooeoood, and 14XX) data points were 
recorded for each channeL Once die data was recorded, it was downloaded to floppy dhks fx finure 
analysis. 

6. COMPUTATIONAL PROCEDURE 

The Antomadc Dynamic In cr emen ta l Nonlinear Analysis (ANNA) finite dement program was used 
to oondua the oomputatiooal portion oi dds effort ANNA-IN was used as the p rqrroc ea sor program, 
and ANNA-PLOT was irtilized for post processing, information requited by ANNA to tun die desired 
ffnm pi f j rinw geometties, material properties, time step b e twee n *'^***«^*** «»"«^ of 

rinm atqps, boundary wwiitrom, mut hnpft, nf mtA dtelocadons 

of the inqiaa point and die re s ponse point The plate geometries were simply the same as the actual 
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pUtet mad in the eKperimatt. The mjterUl p iopeit kt ywd were u pmcated ea^ar. The tine Mp 
«» hn Mij n twii 1 pi. This ■»■***«*«* pK CT pfH m fwtai inc f«<t wii mmh** * iImw the Step 

lecommended by AlHNA which is csiculsied by ushif the Mlowhtg fbnmda: 


At » 


L 

z 



( 1 ) 


wheie 

L * Matmnrm beCWeCD "1 *****l 
C » speed of soond thfough msterisl. 
p • denri^ of mneiial. and 
E ■ modulus of ehnidty. 


Pormfldsted. At was calculaied ID be 3.82 X10^ s. and for 5083 aluminum 3.7 X IQ^ s was calculsicd. 
Tfan, 1 X IQT^ was oi the same onler of magnitude bm piovided better reaolution in die caiculaiions. 


The peak force was cdcubaied by using the impulse .eqpiadoo as shown in Univerritv Phvrica (Sean. 
Zemanafcy, and Young 1978). The equation is as follows: 


F(D dT - m (Vi - V,) , 


( 2 ) 


where 

r B total roice nom tmpaci. 
m > mass of the inqncior, 

Vi ■ sbfldng vdochy, and 
Vf« nfoound or ftial vdodty. 

The two velocities are found by cneigy balance equatkms. From Walton (198SX die loadiqg or fo rc i ng 
fonction for a baD bearing inqwa is a half-sine wave fimctkm. Dobyns (1981) provides the fonn of such 
a fonctkm as follows: 
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0 * peiK RXCt, UB 

a-1^1. 

lint, if t» 0. aoMiig equaikm 2 glveK 


«n (Vi > v«) 



atere in tUs caae t} npnaentt ttn doniiin of ioqiicL 

The dantion of impoct wn criculaltirt by ihe eqoatioB ^ven by Ofencaik (1982) id it n 



Bi]« ann of baD betrins, 
nu B maai of pine. 




V > ttUdiig vdodty. 

R| »fidhis of ban beving, 

Kj » K Ibr ball bearta^ material. 

Kj » K for plate nuoerial. nd 

V s Potaon's ratio. 

bqMKrt duiatkms were calculated for eadi of die three striking velocities correspooding to die three drop 
heights and eadi plate mtoetiaL These durations are tabulated in Table 2. 

Table!. Calculated Impact Durations 


Angle of Ball 
Bearing Drop 

n 


Impact Duration for hfild 
Steel Plate 
(t) 

81.22 X 10^ 

75.08 X lOr^ 

71.19 X lOr® 


Impact Duration for 
Aluminum Plate 
(s) 

106.12 X 10^ 
98.10 X lOr* 
93.03 X 10^ 


Calculated peak forces (Fg) fimr representative experiments for eadi load and plate combination are 
p r es e n te d in Table 3. 

Table 3. Calculated Peak Forces Based on Eiqpetfanental Rdxwnd Hdflht 



Plate Material and Angle 

Load 1 (30“ drop). F,. 

Load 2 (45* drop). F^. 

Load 3 (6(r dropX F^ 

O 

(N) 

(N) 

(N) 

MSO 

3.350 

5.200 

7.170 

MS 30 

3.275 

4.950 

7.QS0 

MS 60 

3.250 

4,975 

7,030 

MS 90 

3.160 

5.108 

7X160 

MS 120 

3.250 

5.148 

7.105 

ALO 

2.300 

3.575 

4.910 

AL30 

2.219 

3.450 

4.8S0 

AL60 

2.300 

3.450 

4.930 

AL90 

2.250 

3.500 

4.965 

AL 120 

2.280 

3.550 

5XX75 
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The edxwnd hei^ of die bed bearing after ini(»ct was an inpoitant factor in the cakwlarion of the 
paak font. It should be noted diat the height of the ball as seen by die video camen was adjusted to 
account for the ball bearing and camera not being at the same hei^ For example, if die video camen 
was positkmed lower than the ball bearing, the rebound height as measured on die grid board would be 
high. Knowing the heisbt of the camen in reUui<» to the grid board and the bidl bearing and the 
horizontal distance between the three, it was a sinyile geometry pioUem to determine the actual rebound 
height Figure 6 presents this pictorially. 



Figured. The difference between mea^red and actual rebound height 

Fbr modeling purposes die impact was assumed to be linear elastic, and shell dements were used to 
build the (date geometries. Shell dements were sdected {mmarily due to the fact dud «i original intent 
was to look at plates that were quite duck. The ADINA theory manud (ADINA R&D. Inc. 1987) states 
that {date dements can be enqdoyed to model thin {dates, and shell demrats can be used for diidt or ddn 
|ddes. hi keeidng with the objective of detetmining iriMher simple finite dement models could be used 
to determine shock attenuation, there was no attenqx at modding wdd geometries and materials. 
A|)|)endix A contains exam{de of ADINA-IN and ADINA-FLOT files diat had to be generated dong with 
some sample ouqmts. 
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7. EXPERIMENTAL RESULTS 

It was decided that, for this effort, the acceleiatioii tt the response point normal to the surfme of the 
plate as measured cm the back side of the plate wm die parameter of inteiesL This was primarily due to 
the fact that shock-sensitive compcments in armored combat vehicles are mourned inside the vehicle (back 
side of armor) and dut the normal or z-directirm would see the largest deflections. The tiiaxial 
accelerometer cm the fiont side of the plate was used to assure the reliability of the single-axis 
acceteraneter. 

When the results were first gathered for the 12.7-mm steel {dates, it was noticed that die results from 
the 30^ and 90° {dates yielded acceleration levels that were significantly hi^ier than for die other {dales. 
This phencunenon raised serious concerns about die ex{)erimental design, welding techniques, etc., and it 
did not fall into the expected trend. To investigate further, additional plates joined at 15°, 43°, and 75° 
were manufactured and tesed. The results from the new {dates followed the eiqiecled trend and agreed 
with the 0°, 60°, and 120° plates. At this {Mint, new 30° and 90° {dates were fabricated and tested widi 
more favorable results. The aluminum plates were tested after die steel (dates, and the 90° {date was 
refabricated due to the same phenomenm as before. 

Figures 7-11 are a set of acoeleration-vs.-time {dots for the response {Mint as measured by the 
single-axis accelermneter. These (dots were made through die vse of a signal (xocessing {xnogram called 
"DADISP." The (dots presented are for the mild steel (dates im{>acted by Load 1 (30° ball bearing drop). 
Note that the stuqpe of eadi plot is similar regardless of the (date geometry. This similarity also held true 
fcH-the aluminum plates. Also note diatdiese (dots only present the acceleration data out to approximately 
100 ps. This was due to die fact that beytxid this point, reflectitms off of the (date edges were expected 
to readi die re^Mnse (Mint Thus, the largest amplitude in the presented time domain was used as the 
defining acceleration level for each case. All odier sets of (dots were similar and, therefore, are not 
(iresented in this document The defining acederatitm levels for eadi target and im{)act load condition 
eiqierimmit are summarized in tabular form in A{){)endix B. Also of interest was the timing of the signal 
arrival at the response (Mim for the 120° (date as com{)ared to die other (dates. In all experimemal cases, 
die 120°{dates witnessed accelerations at the ies{xmse {Mint earlier than the other (dates, all of which had 
jfimiiar timing. At this (Mint in time, iM eiqdanation of this (dtenmnenon can be offered. A discusaon 
of signal arrival time as compared to qieed of sound travel through the (date materials will be presented 
in the computational results section. 
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Figure 10. Acceleration vs. time for 90° mild steel riate subjected to load 1. 
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8. COMPUTATIONAL RESULTS 

(^)ce the rebound heights were obtained, drere was sufficient infranation availaUe to condua die 
computational analysis. Results were plotted and tabulated, for the resptmse point, for each of the impact 
and plate configuration combinations. Sample plots of the noimal acceleration vs. time are provided in 
Figures 12-16. Note that there is always a small dip in the record prim to the positive increase in 
acceleration as was the case with the experimental data records. 

The time at which the response point began to see accelerations was important as far as validating the 
computations was concerned. The time at which the accelerations went positive for the first time 
cone^nded to the time it would take to travel 30.5 cm (1 ft) through the steel or aluminum at the speed 
of sound. It was felt that this was a good check to determine if the finite dement code was wmking 
properly. The computations were stof^ied at 86 ps because that was the estimated time of arrival at the 
response point for the first reflection off of a plate edge. As it turned out, the peak of the first positive 
hump in the acceleration data appeared to be the defining accderation levd. Thus, there was good 
agreement between the experimental and computatiotud data as far as determining which point fnmr the 
acceleration data to use for comparison of the various plates. 

The calculated peak acceleration values for each plate and load combination are i»esented in Table 4. 
It was interesting to note that the computed peak values for the sted plates matdied iq> with tire 
experimental data quite well while the results for the aluminum plates were trot in agreemem. The 
computational values for the aluminum plates were corsistently off from the expetimerrtal data, thus 
raising the thought that a multiplicative factor such as coefficient of restitution should have been 
incorporated into the loading function for the aluminum plate cdculations. The lack of a restitutkm 
coefliciem, however, turned out not to be a problem in that the attenuation ftmctions for the experimental 
and computational results ended up being very similar. The attenuation functions will be discussed in 
detail in the following analysis section. 


Table 4. Computed Acceleration Values for Each Plate and Load Comlnnation 


Plate/Load 

(r^s^) 

30“, 

(m/s^) 

H^lll 



ms/l 

222.7 


192.8 

187.1 

2003 

ms/2 

342.4 


2953 

302.0 

3173 

ms/3 

476.7 

441.3 

4173 

4193 

439.1 

al/1 

409.2 

3723 

3613 

346.7 

3613 

al/2 

636.1 

577.4 

541.9 

5393 

564.7 1 

m 

873.6 

811.6 


765.0 

8073 1 
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9. ANALYSIS 


The tabulated experimental data as shown in Appendix B and compuational data were downloaded 
to a personal computer whne a ptogrsm called "SYSTAT* was used for analysis of the results. The first 
step in the analysis was to voify that there was in fact a relationship bttween the aocelerttion at the 
reqxmse point and dre angle tt which the plates woe joined. Using linear regression, a rersigltt line was 
fitted to the data for eadi set of plates and impact conditicn. Althou^ the strain line did show that 
there was a relrekmship between angle and accelerttion, the fit to the data was not good. The next 
was to attempt to fit a polynomial function to the drea. A quadratic polynomid was attempted first and 
showed good signs of inqKOvement in that more of die variation in acceleradon levels, as presented by 
the polyncnnial function, was explained by the variatimi in {date angles. This was shown by a statistic 
called die squared multiple cmrelatian (R^) or correlation coeffidem (R) (Miller and Freund 1977). R^ is 
the ratio of the variation of the iegiesd<m sum of squares for a given regression modd to die variation 
of the total sum of squares for a given data set The doser this ratk> is to unity, the more efficient the 
model is at prediction. This rado is given in the followiiig equation: 


E(y.-yr 


(«) 


where 

a model predicted values, 
y s grand mean of data set and 
yi s experimental data points or observations. 

The R^ values were quite good fm fourth-order polynomial functitm, but the shape of diese funcdons 
was counterintuitive. The quadratic functions were adopted due to die shape of the fourth-order functions 
and the fact that quadratic polynomials fit the computational data extremdy well. The fiMirdt-order 
polynomial equatiotts are inesented in Appendix C for cmnirieteness. 

Once the equadtms for acceleradtm were determirted, they had to be converted into equations fin* 
attenuation. The accderation equations were solved for the case udiere die angle is 0°. The accdendon 
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WP -tfhHl 4lteMMI fey vpIms fefeferilM 

MpMHM CHI 0C flpfCCHWv 0]f QIC BbQQQQ(P 


Atienuition « 


Acodemicn (a) 
Aco^eratian’W 


W 


Tlie quactalic acodeniion and atimuatkin equationa fbOom with their lopective 1^ valnet 
(eqiMtioas 10-1^ Hie beat vahae (QJ92) Ibr the oifld Meet plaiea was achieved for foe laifeat 
impacting lo«L The l^valiKwai higher for the ahmUmnnplaiBS for the foaith-onkrpolyiioaiial fit nod 
was lower for the quadratic a ppio a i ni ati on a. As mendooed eadier, die value was almost 1.0 for tdl 
of die computational leaults wUdi was expected siiice the oomputadoos did not include the effects d 
welds or variation of impact force fiom one drop to the next Nose that the R^ values are qidie low for 
the experimental data fits. Since the equadons below are broken out separately for load and material 

types, die low R^ values indicate that foere are other parameteis diat affect the level oi aocefendon as 

> 

much as or m(»e than the plaie an^. Of the other pameten, pure eiqieriniental error and the welds 
are suspected to be major coatributms. In addition lo foe R^ statistic, there are other measures that could 
have been apfdied, fin exanqile, to foow how much of the total possiUe variation in accdendon due id 
plate angle was acnudly oqdained by the quadratic functions. 

Mild Steel: Loadl: R^« 0.142 

ACX: 

ATT 

Mild Steel: Load2: R^« 0.445 

ACC 
ATT 

Mild Steel: Lo«l3: R^«0J92 

ACC 
ATT 


« 180.6 - 5U (AMO) 19.1 (ANG)^ 

» 1 - 0.285 (ANO) * ai06 (ANG>^. (10) 


« 419.8 - 20a3 (ANG) + 78.1 (ANG)*; 

« 1 - a477 (ANG) + 0.186 (ANQ)*. (11) 


« 721.2 - 468J (ANG) * 208.6 (ANG)^, 
« 1-a650 (ANO) •!> 0289 (ANGf. 


28 


( 12 ) 


(13) 


Alamimim: Loadl: R^»0J43 

ACC > 183.3 - 64.6 (ANG)-t* 28.4 (ANG)^: 

ATT - 1 - a352 (ANG) ♦ 0.155 (ANG)^. 

Aluminum: Load2: 0.137 

ACC * 349.7 > 81.0 (ANG) * 26.1 (ANG^. 

ATT » 1 ~ a232 (ANG) + 0.075 (ANG)*. (14) 

Alumiman: Load3: R* » 0.309 

ACC » 513.7 - 218. 8 (ANG) + 114.9 (ANG)*; 

ATT » 1 - 0.426 (ANG) + 022A (ANG)*. (15) 

ADINA computatiofis for both materials and all tliiee loads resulted in vinmdly the sac^ fqaarkws 
with R* values langing ftcmi 0.971 to 0.999. The atteniatioa equatioo based cm the oomputaiionai data 
fallows: 


ATT - 1 - 02 (ANG) + 0.08 (ANG)* (16) 

Hgures 17-22 are plots of die quadratic acoekration equations and the associated et q te iin m n t a l dam 
for eadi impaa load. Hgures 23 and 24 show the quadratic accekration equations and associated 
accekration data fitom ADINA. Note that as die values suggest, die quadradc equtoions fit die 
computational data very welL Hiudly, Figures 25 and 26 coittain {dots of the attenuation functions fix 
the corapotadofud and mqierimental resulti Note that only one etpiation is plotted fix die computational 
data because die equation was virtually identical for all dtree load conditions. The attenuation fisctxthtt 
one would obtain firun diese {dots or through the use of the equatkos is a muldpUcatka fisctor fix the 
peak accekration as the diock crosses a welded joiitt. Thus, a factor of 0.8 means that the acoekratka 
is attenuated by 20%. The attenuation funcdm {dots and equations should not be used fior angles beyond 
120^. It is urdcnown. at this time, how well extrapolations beyond the limits of the eiqietimenial data 
would predict attenuation. 
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Figure 18. OHSilffitic fimction fitted to experimental data for mild steel tH$»s subjected id loid 2. 
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Upon review of the two inrnirtnii plott. one Aowld aoie »v«il pcim. Ite Meouikm ftectkm 
for the aluminum pimet mb vay rimflar e^inllea of the topect load. For the atild aed plaiBa. the 
ftiictkMtt qiiBad out aooieadMi fw the diffmett loadi. tad a My gtven nihi the atteniadcm fonct^ 
not appear to vaiymoie than about 23%. Alaottfimefeat here are the oon^Mtationdly derived ataenuatioo 
hinctions diat appear to be flaner dun the expertmenolly derived fimctiona and which did not diow any 
effect of load variatioa This iapeihapa due to the wdda not being aocomied for in die oomputadons and 
to some experimental variadon in the impact loads. A final point to mention is die foct diat the 
computadons fiom ADINA riiowed no difference in die angle attenuaion ftmcdons ftv die mild steel and 
aluminum plaes. This is not a suqxiae in dat an elastic model was used, distance to the leqxmse poia 
was held constant, and welds were not incotpotaied. Thus, the only remaining panunetertha could have 
an effect on shock attenuation was the aagle fonned by the plates. 

10. CXINCLUDING REMARKS AND FUTURE WORK 


Experimental and computatkmal analyses were perfoimed to detennine if angle variadon between 
welded armor {dates has an effect on shock attenuadon. As a result of this effon. it has been shown tha 
there is an effect, and a tt e n ua ti on functions have been {uovided for three imiiact conditions and two 
material types. These finictions are given in equations 10-16. It is interesting to note tha BaireU and 
Kacena (1972) also looked a joint attenuation and came iq> with a conservative estimate of 40 {lercent 
across a fla bolted joint This bit of information fits in nicely in dut one would expect a bolted joim to 
have a greater attenuation factor dum a completely welded joint Unfoitunately, Banett and Kacena did 
not investigate the effect of {date angle variation. 

The com{xitati(Mud work showed that attenuation across the joints was constant over die range of 
materials and im{>act conditions. The eiqierimental work showed diat die attenuation fimctions were at 
least in the same general neighborhood over the range of materials and impact conditions considmed. In 
{Muticular, die attenuation functions {irovided for die aluminum {dates were quite similar for all three 
im{)act oxiditions. 

It was shown that sim{de finite element models could be used to derive attenutuion functions that are 
in die range of functions based on eiqierimental data. However, the faa that data from the experiments 
was required for derivatkm of loading functions for the finite dement {uogram suggests dut one would 
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have 10 oontiiiiie to oonduct experiments lo obtain the proper loading funoiom for various impact loads 
and types of impact 

Tbeie is a substantial amount of woik that could be conducted to advnce ftmher understanding of 
shock attenuation across joints. A continuation of similar wodt as presented in this document taking 
acceleration data and tmisfonning it into Shodt Response Spectra (SRS) would oeitainly be woidi while 
since componoit standards for shodc are given in this fonn. It is recommended ttiat the use of larger 
target plates be investigated for this purpose. Larger {dates are impottant for this puipose so that the 
shock could be measured ftv longer periods of time before reflections from boundaries would interfere. 
Note that "small" plates were used for this effort since only the very first ponion of die Aodt was 
analyzed. The question still remains as to whriher the first portion of the shock is suffident Ah’ 
characterization of atteruiation effects. Additionally, work including larger impact loads, different impactor 
shapes, different loading mechanisms sudi as blast, varimis welding techniques, additional materials, cast 
targets that would not require wdds. and different joining techniques sudi as btdting would be of 
considerable interest Also, an attempt should be made at improving or changing die eiqietimental seuqi 
used for this effort The purpose here wcnild be to reduce the experimental error which was shown to be 
high by the values. 


41 




iNTEKIIONAUy LEFT BLANK. 


42 




11. REFERENCES 


ADiNA R&D, Inc. "Al^A Ttiemy and Modeling Guide." ARD RqxMt 87-S, Hnt PrindnK. 
Watotown, MA, 1987. 


BanetuS. "The Devetefineai of Pyio Shock Test Retpiiiements for Viking Lander CapauleGooiponenia." 
Institute of Environroental Sciences Proceeditm. voL 2. pp. 5-ia 1975. 


Barrett. S., and W. J. Kacena. "Methods of Attmuiting Pyrotechnic ^lodt." Shodc and 
Bulletin. voL 42, part 4. pp. 21-32,1972. 


Deitz. P. R, M. W. Starks. J. H. Smith, and A. Ozolins. "Current Simulatkm Methods in Nfilitary 
Systems Vulnerability Assessment" BRL-MR-3880. UJS. Army Ballistic Research Laboratory, 
Aberdeen Proving Ground, MD, 1990. 


Dobyns, A. L. "Arudysis of Simidy-Supported Oithotopic Plates Subject to Static and Dynamic Loads." 
AlAA Journal. voL 19, no. S, pp. 642-dSO, 1981. 


Gresczuk, L. B. Impact Dynamics. First Edition. New York: John Wiley and Sons, Inc., 1982. 


Klqxac, J. T., M. W. Starks, and J. N. Walbeit "A Taxcmomy fw the VulnendNlity/Ledudky Analysis 
Process." BRL-MR-3972. U.S. Army Ballistic Research Labmatoiy, Aberdeen Proving Ground, MD, 
1992. 


Miller, I., and J. E. Freund. ProbaMlitv and Statistics for Eneineeis. Second Editioa New Jersey: 
Prentice-Hall. Inc., 1977. 

Sears. F. W., M. W. Zemansky, and H. D. Young. University Phvsics. Fifth Edition. Rearfing, PA: 
Addison-Wesley PuUishing Company, 1978. 

Walbert J. N. "A Proposed Method for Incorporating Ballistic Shock Effects in VulnerabOity/Lethality 
Arudyses." BRL-J^-3930, U.S. Army Research Laboratory, Aberdeen Proving Ground, MD. 1991. 

Walton, W. S. "Characterizatimi of Ballistic Shock." USACSTA-6262, U.S Combat Systems Test 
Activity, Aberdeen Proving Ground, MD. 1985. 

WalttHi, W. S. "New Ballistic Strode Protection Requiremem for Armored Combat Vdiicles." tiOtiiarodt 
and ^^bratiCTl Symposium, vol. I, pp. 299-309, 1989. 


43 



44 



APPENDIX A: 

SAMPLE ADINA FILES AND OimPlTTS 


t 


45 



IKICNTIONALLY LEFT BLANK. 


46 





This i 4 )pendix contains a compteie set ii^ and output files and figures fiir 1 of the 30 ADINA 
nins required for this effort This set of files and figures includes the input and output files fiv ADINA- 
IN wd ADINA-n<0T, a figure of the (date geometry rimwing element size and node locations, plots trf 
acoelention in meteis^eoond^ vs. time at the response ptnnt and the acceleration data in tabular form. 

ADINA-IN and ADINA-PLOT were run on a Silicon Graphics 310GTX and ADINA was run on a 
Cray supercomputer. ADINA-IN was used to set up the (date geometry and krading oonditioiis for 
ADINA. ADINA actually performed the number crunching for each node (mint and Al^A-PLOT was 
used to extraa the desired information for die response point 
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* INPUf FILE NO. ) 

• 

FILEUNITS UST*t L06-7 BCIIO-7 
FCONTRQL IIEia>lN6-UPPER OftXGIN-LOMaLBFT 
CONTROI. PLOnmiT-PERCCNT KBIGHT^l.K 
NOMCSTATXON SYSTBI-ia BAOCGIIOUND-NKXTB 

• 

DATABASE CREATE 

HEAD 'Mild Stasl 12 .Sm AT (0 C«S. - LOAD 1* 

• 

MASTER IDOF-000000 NSTEP-86 OT-O. 000001 

PRINTOUT VQLUME-MAXIMUN IPRXC-O XPRXT-0 CARDIMAGE-NO IPDATA-3 
PORTHOLE FORMATTED-YES FILE-60 
* 

COORDINATES 


ENTRIES N(XS 

X 

Y 

• t 

1 

.1524 

-.1524 

0. TO 

13 

.1524 

.1492 

0 TO 

25 

.1524 

.2993 

-.2608 TO 

37 - 

.1524 

.2993 

-.2608 TO 

49 - 

.1524 

.1492 

0 TO 

61 - 

.1524 

-.1524 

0. TO 

73 

.1524 

-.1524 

0. 

DELETE 73 





• 

MATERIAL 1 ELASTIC E-.209E12 MU-.3 0-7840. 

E3GROUP 1 SHELL RESULTS-STRESSES STRESS-GLOBAL 
KINEMATICS DISPLACBIENTS-SMALL SHIAINS-SMALL 
ANALYSIS MASSNATRIX-LIBIPED lMODS-0 NETHOO-NEHMARX NMODE-10 
FREQUENCIES SUBSPACE-ITERATION NBlG-10 »K)DB-10 SSTOL-l.E-lO IFPR-1 
THICKNESS 1 0.0127 

GSURFACE 1 13 49 61 BLl-4 EL3-4 NODBS-16 
GSURFACE 13 25 37 49 ELl-4 EL2-4 N0I>BS-16 
FIXBOUNDRIES DlR-123456 TYP&'LINES 
25 37 
61 1 

SHELLNCK)ESDOF DOF-DEFAULT-FIVE D(»'-XNPUT-SIX TYPE-L 
13 49 

TIMEFUNCTION 1 IFLIB-2 FPARl-2.203E06 FPAR2-0 
LOADS CONCENTRATED TYPE-N(X)BS 
138 3 3250 1 0 

FRAME 

VIEW I1>1 XVIEH-1 YVIEH-0 ZVIEW-0 ROTATION-0 
VIEW ID-3 XVIEH-1 YVIEH-1 ZVIEH-1 ROTATION-0 
I^ICTION SHELL-TOPBOTTQK 

MESH V-1 NOI^-30 ELEMENT-1 BCXXX-AU. HIDISN-DASHH) 

FRAME 

MESH V-2 N0I«S-30 ELEMENT-1 B(XX»-ALL HXDI«N-DASHB> 

* 

ADXNA 

* 

END 
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ADIHA-IN VERSION 3.0-3. M FEBRUARY IBB3 
Ml 14 S4i*l ll.Saa AT BO OCO. • LOAD 1 







* AOZNA-PLOT 4.0 ZNPUT FILE 

* (0 DBGMB PLATS 

* 

FXLBUHITS UST-t L06-7 BCH&*7 
FCOHTROL HBADING-UPPSt OKXGZN-LONERICPT 
CONTROL PLOTUHXT-PERCBIT IIBXGHT-1.3S 
WORKSTATION SYSTBI-IS BACKGROUND-tWXTB 
* 

• DATABASE COIOIANDS TO LOAD OR OPEN THE ADINA-PLOT DATABASE 

• 

DATABASE CREATE F0RHATTED-YE8 
•DATABASE OPEN 
« 

* 

RESPONSETYPB LOAD STEP 
NPOINT CENTER NODi-365 

t 

FRAME 

GRAPH TIME NUZX X-ACCELERATION CENTER SYMB-l OUTPUT-ALL SUBFRANE-1133 
GRAPH TIME NULL Y-ACCELERATION CENTOl SYMB-l OUTPUT-ALL SUBPRAMB-1133 
GRAPH TINE NULL S-ACCELERATION CENTER SYMB-l OUTPUT-ALL SUBFRAME-1131 
ALIAS AX X-ACCELERATION 
ALIAS AY Y-ACCELERATION 
ALIAS AS Z-ACCELERATION 

RESULTANT ACC •SQRT(AX**2 + AY**2 ♦ AZ**2)* 

FRAME 

GRAPH TIME NULL ACC CENTER SYMB-l OUTPUT-ALL 

* 

RESULTANT WYE '-(O.S^AY - 0.866*AZ)* 

RESULTANT ZEE '-(0.866«AY * 0.5*AZ)' 

RESULTANT ACCC 'SQRT(WYE**2 * ZES**2 * AX**2}* 

FRM1B 

GRAPH TIME NUU. ZEE CENTER SYMB-l OUTPUT-ALL 
FRAME 

GRAPH TIME NULL ACCC CENTER SYMB-l OUTPUT-ALL 
« 

PMAX CENTE» NUHBER-1 VAR-ACC 
« 

« CHECK LISTING 
• 

CONTROL BJBCT-NO LINPAG-10000 
FILEUNITS LXST-9 
PLIST CENTER VAR-ACCC 
PLIST CENTER VAR-ZEB 
PLXST CENTER VAR-AOC 
* 

END 
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AOINA-PLOT VERSION 4.0-3. 22 FEPiVKRr 1993 
Hi 14 $<«•! AT 60 0E6. • lOM) I 






AOZIM'PLOf VERSION 4.0.1* 13 mRURRY IMlt Nlld StMl 13 .Sm AT 40 MO. > 14MD 
iOR USE ■¥ U.8. Anw ••lUotie R«RMrch Lab (Abud«M Rrov. 6m* LICENSED IRON 
FINITE BLENENT PROGIUM AOINA i RESKMSE TYPE LOAD STEP 
LISTING FOR POINT CENTER 


TINE 

AOCC 

O.OOOOOE^OO 

O.OOOOOB^-OO 

l.OOOOOE-04 

9.30238B-04 

3.00000E-04 

4.2047SE-03 

3.00000E-04 

9.307840-03 

4.00000B-04 

1.44745B-03 

5.00000B-04 

1.90816E-02 

6.00000B-04 

2.43370E-02 

7.00000B-06 

3.23849B-02 

e.OOOOOE-06 

4.41949B-03 

9.00000B-06 

S.70080B-02 

1.OOOOOB-OS 

6.32841E-02 

i.iooooe-05 

5.21622E-02 

1.20000E-05 

1.37955E-02 

1.30000E-0S 

5.70139E-02 

1.40000E-05 

1.52565E-01 

l.SOOOOE-05 

2.S6309B-01 

1.60000E-05 

3.43909E-01 

1.70000E-0S 

3.91448E-01 

1.80000E-05 

3.83494E-01 

1.90000E-05 

3.17996B-01 

2.00000E-05 

2.05074E-01 

2.10000E-05 

6.18036E-02 

2.20000E-05 

1.23525B-01 

2.30000E-05 

3.38790E-01 

2.40000E-05 

6.29607B-01 

2.S0000E-05 

1.03897B4^00 

2.40000B-05 

1.401108^00 

2.70000E-05 

2.31449B^00 

2.80000E>05 

3.12007B400 

2.90000E-05 

3.8948SE-»‘00 

3.00000E-OS 

4.46799B^00 

3.10000E-0S 

4.65949E^00 

3.20000E-05 

4.33322B^00 

3.30000E-05 

3.4S249E^00 

3.40000E-05 

2.14884B-»^00 

3.50000E-05 

1.16318E-^00 

3.60000B-05 

2.214S9B-^00 

3.70000E-0S 

3.85465B+00 

3.80000E-05 

5.36075B4-00 

3.90000B-05 

6.702796^00 

4.00000B-05 

8.07655B+00 

4.10000B-05 

9.78638B4'00 

4.20000E-05 

1.21172B+01 

4.30000D-05 

1.52434Em 

4.40000B-05 

1.91905EH>1 

4.50000BH>5 

3.38127B4-01 

4.60000B-05 

2.87883E+01 

4.70000B-05 

3.34409E+01 

4.80000E-05 

3.79260B+01 

4.90000E-05 

4.11388B4-01 

5.00000E>05 

4.29321B401 

5.10000B-05 

4.313988401 

5.20000B-0S 

4.16054E4O1 

5.30000E-05 

3.83675B4-01 

5.40000B-05 

3.30197B4-01 

5.50000B-0S 

3.59109B4O1 

5.60000E-05 

1.81054E^1 
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5.70000E-05 

S.SOOOOg-OS 

5. fOOOOC>OS 
6.00000E-OS 
(.100(M«-0S 
C.20000B-05 
6.30000E’OS 
6.40000B-0S 
6.50000B-0S 

6. (0000B-05 
6.70000B-05 
6.80000B-05 
<.90000B-05 
7.00000B-05 
7.10000e-05 
7.30000B-05 
7.30000E<05 
7.40000E-OS 
7.50000E-05 
7.60000B-05 
7.70000E-05 

7. eOOOOE-OS 
7.90000E-05 
8.00000E-05 
8.10000E-05 
8.20000E-0S 
8.30000E-05 
8.40000E-OS 
8.S0000E-0S 
8.60000E-0S 


1.«3<S7E«01 

2.834C4E+01 

4.81993E^01 

7.31315E4^01 

9.8356SE4^01 

1.3S31SE4^03 

1.51S41E>03 

1.75884B^03 

I.97S90E+03 

3.16566E>03 

3.33043E+03 

3.47403E^3 

3. S9835B’»-03 

3.70118E^03 

3.77S€4E4^03 

3.81178E4^02 

2.80033E^02 

3.73791E«03 

2.6333SB4^03 

3.51331E+03 

2.42356E»^t)3 

3.41429E-*^02 

2.52466E>02 

3.7S3S7E4^02 

3.07242E+03 

3.44820E-»^03 

3.eS903E4-03 

4.29S64E-^02 

4.7SS20E4^02 

5.23346E+03 


ADINA-PLOT VERSION 4.0.3, 32 FEBRUARY 1993: Mild Steel 12.5m AT 60 DBG. - LOAD 
FOR USE BY U.S. Arny Ballistic Research Lab (Aberdeen Prov. Gm, LICENSED FROM 
FINITE ELEMENT PROGRAM AOINA : RESPONSE TYPE LOAD STEP 
LISTING FOR POINT CENTER 


TIME 

ZEE 

O.OOOOOE+00 

O.OOOOOEtOO 

l.OOOOOE-06 

9.30338E-04 

2.00000E-06 

4.20475E-03 

3.00000E-06 

9.30783E-03 

4.00000E-06 

1.44745E-02 

5.00000E-06 

1.90815E-02 

6.00000E-06 

3.43267E-02 

7.00000E*0€ 

3.23840B>02 

8.00000E-06 

4.41917E-02 

9.00000E-06 

5.69998B-02 

l.OOOOOB-05 

6.32650B-03 

l.lOOOOB-05 

5.21124e-03 

1.20000B-05 

1.34317B-03 

1.30000E-05 

-5.68410B-03 

1.40000E-05 

-1.53436S-01 

l.S0000EH>5 

-3.S6150B-01 

1.60000B-05 

-3.43674»-01 

1.70000B-05 

-3.91066B-01 

1.80000B-05 

-3.83860E-01 

1.90000E-05 

-3.16917B-01 

3.00000B-05 

-2.03085B-01 

2.10000B-05 

-5.51267»-03 

2.20000EH)5 

1.21199B-01 

2.30000B-05 

3.38383B-01 

2.40000B-05 

6.29S50E-01 

2.5000(»-05 

1.03896Bt00 

3.60000B-05 

1.60104BtOO 
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2.7000W>0S 

a.«ooQOfr>os 

а. 90oooc-os 

3.00000C-0S 

3.iooooe-os 

3.30000C-0S 
3.30000E-0S 
3.40000E*0S 
3.50000B<‘0S 
3.60000e-05 
3.70000B~05 
3.80000B-05 
3.900006-05 
4.00000E-05 
4.lOOOOB-OS 
4.30000B-05 

4.300006- 05 
4.40000B-0S 
4.50000B-OS 

4.600006- 05 
4.70000E-05 
4.80000B-05 
4.90000E-05 
5.00000E-05 
5.10000E-0S 
5.30000E-0S 
5.30000E-05 
S.40000E-0S 
5.50000E-05 
S.60000E-0S 
5.70000E-0S 
5.80000E-0S 
5.90000E-05 

б. 00000B-05 
6.10000B-05 
6.20000E-05 
6.30000E-05 
6.40000E-0S 
6.50000E-0S 
6.60000E-05 
6.700006-05 
6.80000E-05 
6.90000E-05 
7.00000E-0S 
7.10000E-05 
7.30000E-0S 
7.30000B-05 
7.40000E-05 

7.500006- 05 
7.60000B-05 
7.70000B-05 
7.80000B-05 
7.90000B-05 
8.00000B-05 
8.100006-05 
8.200006-05 

8.300006- 05 
8.400006-05 

8.500006- 05 

8.600006- 05 


a.3140aB«00 
1..117806*00 
3.i87f0B«00 
4.44953B«00 
4.618856^00 
4.251396*00 
3.292526*00 
1.805306*00 
-3.561626-02 
-1.987956*00 
-3.813916*00 
-5.359356*00 
-6.613656*00 
-7.727186*00 
-8.975606*00 
-1.06774E*01 
-1.308756+01 
-1.630036*01 
-2.019396*01 
-2.443566*01 
-2.85479E+01 
-3.20132E+01 
-3.438096*01 
-3.53382E+01 
-3.47187E+01 
-3.24466E+01 
-2.84398E+01 
-2.25151E+01 
-1.43438E+01 
-3.48947E+00 
1.046456*01 
2.77307E+01 
4.813336*01 
7.099196*01 
9.512886*01 
1.190186*02 
1.410516*02 
1.598396*02 
1.744776*02 
1.846626*02 
1.906246*02 
1.928886*02 
1.919236*02 
1.877926*02 
1.799376*02 
1.671686*02 
1.479056*02 
1.205936*02 
8.420036*01 
3.862636*01 
-1.510326*01 
-7.493296*01 
-1.381516*02 
-2.019336*02 
-2.639016*02 
-3.225136*02 
-3.771686*02 
-4.279926*02 
-4.753646*02 
-5.193556*02 
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APPENDIX B: 

TABULATED EXPERIMENTAL DATA 
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This ^)pendix rnntaim ^ tabulate experimental data. The tables that follow present the defining 
acoeleiation for eadi experiment conducted as pan of this eu^ as well as mean values and standaid 
deviations. 

MILD STEEL PLATES: 

Angle (Radians) Load Ho. Acc. (M/S’) Mean std. Dev. 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
0.26 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.31 
1.57 
1 57 
1.57 
1.57 
1.57 
1.57 


1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

1 

1 

1 

1 

1 

1 


146.3 
183.0 
192.9 

202.7 

142.4 

485.5 

285.8 

438.1 

343.1 
383.7 

657.6 

610.1 

626.9 

561.6 

748.5 

159.6 
162.2 
134.5 

169.1 
170.0 

413.4 

403.5 
355.0 

405.4 

443.9 

139.5 

112.7 

134.5 

121.6 

127.6 

275.9 
228.4 

282.8 

288.7 

321.3 

540.9 

413.4 

413.4 
439.0 
536.0 

179.2 
183.0 
152.0 

108.9 

160.7 

175.5 


173.5 


412.6 


640.9 


159.1 


404.2 


127.2 


279.4 


468.5 


159.9 


27.5 


62.3 


69.4 


14.4 


31.9 


10.6 


33.4 


64.7 


27.6 
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MILD STEEL PLATES: 


Angle (Radians) 

Load Mo. 

Ace. (M/S>) 

Mean 

1.57 

2 

292.9 


1.57 

2 

300.4 


1.57 

2 

278.1 

301.3 

1.57 

2 

327.5 


1.57 

2 

307.8 


1.57 

3 

349.8 


1.57 

3 

426.4 


1.57 

3 

390.6 

420.7 

1.57 

3 

541.4 


1.57 

3 

370.8 


1.57 

3 

445.0 


2.09 

1 

185.4 


2.09 

1 

126.1 


2.09 

1 

125.6 

157.4 

2.09 

1 

198.3 


2.09 

1 

151.8 


2.09 

2 

312.4 


2.09 

2 

284.3 


2.09 

2 

330.8 

348.7 

• 2.09 

2 

415.3 


2.09 

2 

400.9 


2.09 

3 

677.4 


2.09 

3 

641.7 


2.09 

3 

703.1 

691.7 

2.09 

3 

713.9 


2.09 

3 

718.8 


2.09 

3 

695.1 


ALUMINUM PLATES: 

Angle (Radians) 

Load No. 

Acc. (M/S») 

Mean 

0.00 

1 

185.4 


0.00 

1 

188.2 


0.00 

1 

198.7 

193.4 

C.OO 

1 

197.3 


0.00 

1 

197.3 


0.00 

2 

352.8 


0.00 

2 

397.8 


0.00 

2 

389.1 

375.S 

0.00 

2 

359.7 


0.00 

2 

378.2 


0.00 

3 

585.3 


0.00 

3 

595.2 


0.00 

3 

613.7 

561.2 

0.00 

3 

432.0 


0.00 

3 

579.7 


0.52 

1 

137.2 


0.52 

1 

140.5 



Std. D«V. 

18.3 

68.7 

33.5 

56.9 

28.5 

Std. Dev. 


6.1 


19.1 


73.4 
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ALUMINUM PLATES 


Angl* (Radians). 

Load No. 

Acc. (M/s’) 

Maan 

Std. Dav 

0.52 

1 

142.0 

143.6 

5.5 

0.52 

1 

150.9 



0.52 

1 

147.6 



0.52 

2 

275.9 



0.52 

2 

254.4 



0.52 

2 

287.3 

273.6 

12.2 

0.52 

2 

278.8 



0.52 

2 

271.8 



0.52 

3 

312.1 



0.52 

3 

308.4 



0.52 

3 

398.7 

355.2 

53.7 

0.52 

3 

399.8 



0.52 

3 

9 



0.52 

3 

..1 



1.05 

1 

116.4 



1.05 

1 

154.6 



1.05 

1 

102.0 

131.2 

19.0 

1.05 

1 

134.7 



1.05 

1 

143.5 



1.05 

1 

135.7 



1.05 

2 

277.7 



1.05 

2 

241.0 



1.05 

2 

265.5 

266.8 

14.8 

1.05 

2 

269.2 



1.05 

2 

284.0 



1.05 

2 

263.2 



1.05 

3 

416.0 



1.05 

3 

360.1 



1.05 

3 

418.3 

401.1 

30.5 

1.05 

3 

422.7 



1.05 

3 

426.1 



1.05 

3 

364.2 



1.57 

1 

203.9 



1.57 

1 

203.9 



1.57 

1 

178.0 

191.1 

13.0 

1.57 

1 

178.0 



1.57 

1 

191.6 



1.57 

2 

403.0 



1.57 

2 

427.7 



1.57 

2 

360.9 

391.2 

30.0 

1.57 

2 

373.3 



1.57 

3 

582.1 



1.57 

3 

620.4 

585.5 

37.8 

1.57 

3 

534.0 



1.57 

3 

605.6 



2.09 

1 

142.1 



2.09 

1 

164.1 



2.09 

1 

158.2 

156.2 

9.0 

2.09 

1 

153.3 



2.09 

1 

163.2 



2.09 

2 

273.2 



2.09 

2 

294.2 



2.09 

2 

179.2 

257.6 

47.9 
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AUMINUN plates: 

Angl* (Radians) 

2.09 

2.09 

2.09 

2.09 

2.09 

2.09 

2.09 




Load Ho. 

2 

2 

3 

3 

3 

3 

3 
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This ifjfxndix contains the fouith-onSer fxriynomid equations that were derived fi>r the eqmineatal 
data. The equations are provided to Aow the increased values and to allow ftoiher invettifation by 
interested leaden. The equations are as follows: 

Mild Steel: Load I: R^-0.24 


ACC « 166.39 -I- 1S2.06 (ANG) - 423.69 (ANG)^ 
+ 315.12 (ANG)* - 70.82 (ANG)^ 

ATT » 1 + 0.914 (ANG) - 2.55 (ANG)* 

+ 1.89 (ANG)* - 0.43 (ANG)^ 


Mild Steel: Load 2: R* s 0J6 


ACC « 387.36 + 274.68 (ANG) - 951.15 (ANG)* 
+ 730.96 (ANG)* - 164.13 (ANG)^ 

ATT = 1 + 0.71 (ANG) - 2.46 (ANG)* 

+ 1.89 (ANG)* - 0.42 (ANG)^ 


Mild Steel: Load 3: R*s0.72 


ACC = 661.3 + 87.59 (ANG) - 619.47 (ANG)* 
+ 381.12 (ANG)* - 48.74 (ANG)^ 

ATT = 1 + 0.132 (ANG) - 0.94 (ANG)* 

+ 0.58 (ANG)* - 0.07 (ANG)^ 


Aluminum: Load 1: R* = 0.85 


ACC * 193.38 - 12,3 (ANG) - 335.42 (ANG)^ 
+ 395.61 (ANG)* - 113.1 (ANG)* 

ATT = 1 - 0.064 (ANG) - 1.73 (ANG)* 

+ 2.05 (ANG)* - 0.58 (ANG)* 
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AlMioBB: L3ad2: R^-ai4 


ACC • 375 J2 - 58.85 (AiiO) - 610.82 (ANG>* 
+ 791.91 (ANOr - 238.8 (ANO/ 

ATT » 1 - 0.157 (ANO) - 1.63 (ANG/ 

+ 2.12 (ANG)’ - 0.636 (ANG/ 


Aluminuni: Load 3: ^ 0.81 


ACC » 561.18 - 566.87 (ANG) -f 173.79 (ANG)* 
+ 381.93 (ANO)’ -163.29 (ANO)* 

ATT = 1 - 1.01 (ANG) + 0.31 (ANOf 
+ 0.68 (ANG)’ - 0.29 (ANG)* 
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